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Abstract

Nui lrar materials accounting and cantrol in
fucls reprocvessing plante can be  improved by
near~real-time estimation of the nuclear mate-
rials inventory  in melvent=extraction contac-

ters.  Techniques are being developed for the
ertimatinn of the in-procerg inventory in con-
tarors., These  techmiques are derived from

recent development« in chemical modeling of con-
tacenr svetems, on-line measuremerts for mate-
riale account inp and enntrol of the Purex sroe-
vese, and omputer-hased data acquisition and
analvais met hodde,

1. Introduction

Reprovescing plante use the Purex procoss
ot the separation and parificatinn ol uraniam
and plutesiur from spent nurlear fuels.  Separa-
tion and purafication are achirved with a series
of molverc extraction centactors in which ora-
nine and  plutonium are selectavely trausterred
between  relatively  jmmixcible  countercurrent
aqueons and  wrpanic atreams.  The three types
of contactors that are generally in ume are
Ni.or-settlrr s, pulsed columns, and eentrifupal
cont actors., For  equal  procens  throughpor,
mixe, ~sett lera and pulned columns geperally con-
tamir A subatantially larger inventory of nurlear
materiale than do rentrifugal contactrrn,

Satrpunatdes studienl= indicate thart thr
capabilitvy of proposed near-real-time ("dvnam-
i<") accounting wmethods to detect short-term
loasen of nucloar waterial in reprocesning
plants can be limited by normal inventory vari-
ationn in the contaciors, Techniques for direct
on-line meanurement of contactor inventorv are
currently not available, and their development
likely would entail aubptantial effort and cont.
However, techniquen are being developed te eati-
mate the -~ontactor inventory uaing currently
available ean monitoring, Aaccountinpg., and
control mrasu  mentn

The goal | thia investigation is 1o develop
a technique for entimating contactor inventory

*Thin  work “wan petlormed an part of the US
Department of Fnergv-0ffice of Safeguarde and
S curity reacarch and development program.

lowa, USA

that is good to 5% or better. The wafezards
atudies show that this level af certainty will
provide good mhort-term detection sensitivity.
A promising technique hat is now heing devel-
oped/s® umes (1) detailed chemical models to
predict the inventory for expected process con-
ditions, (2) on-line procean measurements and
compuier-based data acquisition myatems to mon-
itor fluctuations in the invente-y during actual
procean operation, and (3) simplified linsar
mndrls  and computerized data-analyais mrthoda
to pravide estimates of the inventorv that can
then be used tn cloae matericls balances in
near-real Cime,

2. _Contactor Mudels

Several mathematical modele  of  sclvent -
extraction contactars have heesn developed in
the 1.5.9°1%  The mont widely ured medel [or
nolvent-extraction process development, SEPHIG,
wau oripinally developed to predict the tran-
rient  and  ateadv-ntate hehavior of solvent-
extraction contactors operatise with a ditute
Purex (152 TAP) LMFBR ‘low aleet; SEPHIS hae
nince been modified for atandard Purex (302 TRI')
flow sheets,

The SEPHIS computer mode]l performs a stage-
wike, iterative calculation of the approach to
atradv atate of the uranium, plutonium, and
HROy  concentrations i a myltistage contac-
tor. Thr contactor in modeled a* a meries of
ideal mixer=acttler atagen. Mana-trannfer equi-
librium in wmaintained at each stage, and the
numhrr of ideal ntagen in nelected to achinve
the denired overall separation efficlency,

Tws contactor medeln are being  developed
under the current LASL aafeguards studvy of con-
tactor inventory. The [irat, being developed at
Clemaon Univernity, in denigned apecilicallv tor
simulating miner-setelara. The ancond, previ
ounly developed at lowa State University, /7,18
in denigned apecifically for simulating pulped
columna.  Thia pulsaed-column model in currently
being updated and validated with data ohtained
under LASL mponmorship at Allied-General Nuclear
Barvirea (AGNS) and General Atomic (GAY Corpe-
ration.!®  Data suitable for model validation,
eapecially for nined uranium-plutonium recovery
processes, are virtually nonenintent,



Clemson Mixer-Settler Model

The mathematical basis for the Clemaon
mixer-settler model, called PUBG, ia given in
Refr. 16 and 20. This new mode! accounts for
deviations from mass-transfer equilibrium, re-
ferred to as the "SEPHIS limit", thar reduce the
wansa-tr-nsfer efficiency of the ¢..ntactor and
generally increase the nuclear matrrials inven-
tory.

The mass-transfer rate R; for chemical
specics i can he expressed in terms of the
deviatinn of the apiciea concentration in the
mixer from its equilitrium value. The simplest
such expreasion is given hy
R, = x.A[M'.' - .-q'.‘f.-q)] , Miteq) =D MY . (1)

i i i i i i

The superscripts "o and "a" refer to the or-
ganic and aqueous phases, K; is  the mass-
transfer coefficient for apeciecs i, A is the
interfacial area between the aqueous and organic
phatvs,  M;feq' is  tne  concentration  that
would be obtained in the mixer if mass-transfer
vquilibrium were obtained, and D; i< the dis-
tribution cocfficient for species 1.

The PURG model currently uses the equilib-
rium cnrrelations of G, L. Richardson, nE
modified by Watson and Rainey. 10 to calrulate
D;. Contactor madels in general are limited
by the quality and availability of the equilib-
rium chemical data necded to calculate mRuitable
distribution coefficients, Work is current v
in progres to review the equilibrine correla-
tiorne of Richardson and to revise them based on
new chemical data.

Mass=treasfer  equilibrium  requires  that
M, = Mi(nq), Thi. condition can  be  ap-
proached by Jetting K; or A approach large
values  forcing (M - Mjleq))  tn  have  amall
valuen, Few measurements  of K;  have been
maie. A reasonable method of eatimating both
Ki and A in a variational method that matches
mndel caleulations with selected data from real
mixer-acttler contactors.

A detailedt compariam. of MIBG model caleuln-
tiona with measured data®: 10 on (e coextrac-
tion ol uranimm and plutonium shows that the
laboratory miZer-aettlar uned to obtain the data
wan nprrated clore to masn-trannfrr equilibrium,
Table 1 shows the calculated and meanrsod ura-
nium and plutonium inventories,

More recertlv, Thompron and Shankle!d re-
purtei reasonably complete aetea of uranium re
civery data for a D-type miner-settl.r (uranium
entraction from the aqueoun tn  the organie
ph:ae) and an FE-typr mixer=acttler (uranium
atripping trom the organic to thr  squeous
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phase). In the case of the D mixer-settler, the
experimental uranium inventory of 4990 g ditl-
fered from th. SEPHIS-calculated value of 4479 ¢
by about 112. Agreement between the PUBG calcu-
lated inventnry and the measured inventory was
obtained by adjusting the mass-transfer arra A
to a value of about 2, indicating significant
deviations from masa-transfer equilibrium. This
adjustment of the paramerter A also markedly in-
proved th: agreement betwren th- calculated and
measured concentration profile

Detailed compariac of measui d uranium
concentrat.ona L' ' inventaries with calculatinns
using PUBG are ushown in Tahle Il for the E
mixer-settler. Tahle 11 als: contains caleula-
tiona uring SEPHIS-MOD4 und TRANS IENTS , 11
The latter model accounts for deviarion from
mars-transfer equili'rium by adjusting the maesc-
tranafer officitncy. The r~rults again indicate
a significant deviatina from mass-tranaf.r ~qui-
librium.

Figurr 1 shows the dependence of the iaven-
torvy in the E mixer=settler on the manr-transier
area A,  1In peactice, it mipht be posrible to
"ealibrate” the model predictions for a mixer -
settler by choosing an appropriate value [m
the A parameler.

Calculations indicate that the plutonium
conrentration in the vaste stream if Aensitive
to the deviation from mass-tranafer equilibrium.
Table 111 showsr the predicted dependence on the
A paramcter of the plutonium inventory and the
Aqurous waRte Rtream concentration in A 15-stig
rxtraction/mcrub mixer=settior.  The following
pracedure for mixer=settler inventsry estimation
might be feanible. Firat the invertory, and
hence the value of the A parameter, werld b
determined  experimentallv  under  the  expected

TADLY 11

AFFERIAENTAL VRARTIN CORCERTRAYIOWR ANT (WVTPRTINIPS
VEREUS PUBG, SEPEIS WOBE, AND TRANSIPNT.
(12-9TA0P STRIPPIBL NIEXR BPYTLRR

I;:.- ln-o;:::“lnl

14 [ LICE L LR TV T T
(Asa ) taam T I T

Aquense Phase Conronivatims (g/1t*

1 9 oo [} [ ] o n

! 0 oo 8 071 n [ 0 pep
[} 0.00% [ L] [} [] a e
L] b.. [ 1) Q.01¢ a.01) 8 s
o 1 ap e n e o s 1
1t 11 Ve 1o im an & W Pap
" 1 Yoo N o 1l Wn nn N e

ygemicr Phoss Comsoniral foms l|'||'

1 o 8 [ ] [ ] ] L)
] [ X 1)) e 00 ] [} o nll
L} e.0)8 em | ] | ] oou
. 0.100 0.0 [} [ ] e |on
(1] o108 8 1% 9.0 .80\ e \n*
11} ani 0.0a4 . e 1% oM
1] L] 1.9% 1.010 L IR
me'yied
Tetel
Srenimm (g} VW2 mr 1948 i uae

Ulanecatestions 1ese than 0.001 sve gleen go &



5500
f; [ ]
™ 4300 -
Y
e
[]
-
s 4= 002
£ ,
2 4= =-1701
1
~ Gaghis LimN
2300 v . A—— 7
L 20 30 40

Mass Transfer Area (A)

Fig. 1. The dependence of the E mixer-settler
inventory on the mass-transier area.

steady-state run conditions. Next a data table
similar to Table 11l woul1 be calculated and
stored in a computerieed data base. Then, during
actual process opcration, f[luctuations in the
miner-acttler inventory would be estimated from
vaste-stream concentration measurements.  Such
neasurements of plutonium can b wmade with on-
line o monitors. Mars balance correlationn,
including residence-timr delavs, could be used
to improve the quality of the inveatorv eati-
waten (see Sec, 4),

lowa State Pulsed-Column Mndel

A computer model developed at Iowa State
Universiry for simulating puleid column opera-
tion incorporates  aeveral  improvenents  over
SEPHIS. 17,18 pevelopment of thin wmdil fol-
lowed a eritical ieview of the literature and
an sxtenaive aurvey nf denign and oprrating fea-
tures of full-scale pulaed cotumns. Caleula-
tionn are prriormed atagr-wiar uning finite-
difference equations that inciude the effect-
nf reaction kinetica, nonequilihrium mnas trans-
fer, back-mining, and new correlation  f phane
volumen with phane flow raten.

The matheaatical bamin for the model and
the important chemical and hydrndfnnnir eflectn
bave been reviewed by Burknart.!8  The rela-
tive importance of each effect depends on the
aprcific rolumn denign and operating renditioan,
and the current experimental and theoretical
descriptinna of thesr effectn generally in not
adequate for accurate mndsling of puland col-
umna. For esample, a recent experimentsl study
at GAlY or diaperaed-phess holdup couacluded
that correlations given in the litsrature bhe-
tveen holdup and ohaervahle precean pa-amrterr
did not agree with experiment.

Naverthelesa, reas nably accurate wndel
predictionn of pulsed-column inveniory can be
obtained over the limited ranges of operating
conditiona encountered ir industrial reproce: -
ing planta, if semi-empiricel correlations are
uned to describe the important effecta. The
enact form of these correlations for specitic
contactor sys:ema munt be determined experimen-
tally, and work ia cont{auing at CGA and AGNL t.
provide the necessary data.

TABLE 111
PLUTONION INVERTORIES AND AQUEOUS BASTE STRRAX
CONCTETRATIONE CALCULATED POR DIFPRREWT
WSS -TRANBFER ARRAS
(13-FTREE EXTRACTION/SCWOS WIEEP-OETTLER)

Plutonjium Inwgatory Plutonium Concentration
)

CONSI T 0 Gl e e s

SEPRIS-FODL .Y 2.4 48 501w g0t
PURGI A ¢ = TR TR TN 640 u 10"
A =100 9.2 %107  e26.9 .84 1 03
A=q0 114.0 5e0.¢  §82.7 2.9 s 10"t
A= 1509 388.% 7368 1.40 5 107
A=10 IV O T I TEN ) .61 1 1077

Accurate coluan wmodels are important for
Purex process desipgn, especially for the design
of criticality controla in the reprocesning of
FBR fuels. Thiam is illustrated bv the results
reported in Ref. 17 in which three versicns of
the Iowa State model, ranging from a SEPHIS-type
veraion to the wmost comprehensive version (one
“renl stage" per sieve pli.e with back—mixing
and holdup correlations), were compared using
input-output data from a Hanford partitioning
column. Even though all three versions of the
mndel uned the same input-output data, the plu-
tonium inventory calculated by the most mophin-
ticated version was more than double that given
by the SEPHIS-type version. Plutonium concen-
tration profiles calculated by the comprehensi /e
"real atage" model and the SEPHIS-type wmodel
are compared in Fig. 2.

Recently, Cermak at AGNS obtained excellent
pulaed-column data for uranium recovery uaing a
2-inch diamerter extraction/scrub pulsed column.
The AGNS pilor-acale columna are instrumented
with a aerier of sample tapn a0 that profiles
ot aqueous and organic uranium concentrationa
and ths erorresponding dispersed-phase holdup
pro.ile can be obtained. Table 1V comparea the
AGNS concentration-prof.ie data wvith the lown
State (Burkhart) model and a SEPH1S-typr madel.
The Iowa State wcde]l agrees bettur with the
profile data than does the SEPHIS=tvpe wmode!,
Table 1V also containe total uranium inventorien
calculated with the SEPHIS and Burkhart models.
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TasLr IV
EXPERINENTAL Ullllm cmcnrnuﬂous VERRUB SEPEIS

AND TNE SURRRART MODE
(3-IN.-1.0. EXTRACTIOWN/BCRUB ruum COLIN)

Distance (fu) rgn ngratd

from Bent rt e
gojumn Botgom
24 (scrub) 9 92.% [} 94.0 ] 54.0
21 17.2 .0 15.0 2.7 15.0 62.7
18 %.0 1.0 19.7 1.9 19.8 7.9
15 (feed, 2.0 71.0 20.0 [ ] n.4 6.0
12.0 10.0 32.9% .0 1.0 9.1 39,7
12.3 1.% 6.2 1.3 20.1 1.% 17.4
11.2 0.4 1.0 0.4 9.0 0.4 7.9
] 0 0 a 1.0 [} 1.0
7 0 0 [} 0 [} [}
Tolal v
Inventc:y (g1 9.0 99.) --- - 1.y )

doncentrations <1 g/L ate given sa O,

The difference s substantial and is caus-d
primarily by the dispersed-piiase holdup ani
buck-mixing effects that are included in the
Burkhart model

1. Contactor Measurements

Figure 3 is a schematic diagram of an
extraction/scrub (A=cype) pulsed column. A
variety of process measurements are made in a
moaern reprocessing plant to monitor and control
the rolvent=-extraction ayatems. The following
ligt indicates process-control measurements that
might be expected for an A-type column:

1. Pulae amplitude and frequency.

2. Primarv aqueous-orpanic interface pori-

tion (bottom),

V. Organir product liquid level and dena-

ity (top).

4. Column hydroatatic pressure ("weight"),
. Extractant flow rate, temperature, and

TBI' concentration.

6. Srrub flow rate, temperature, and acid

molarity.

1. Feed flow rate, temperature, dernity,

and acid molarity.

8. Wantc atream concentration.

These measurements  would be supplemented by
period ¢ visual checkn and chemical analyres of
samplern collected from sample linea placed on
nelected ntreams and tanka.

In a modern industri{al plant, thia procean
information could be collected and made avail-
able in near-real time using computer-based data
acquinition, storage, and retrieval methoda.
The AGNS computerized nuclear materia! control
and accounting ayatem (CNMCAS) i{s an example of
the application of theaer techniques in a large-
scale reproceaning plant.

Additional atream concentration and flow
rate meanurementa would he required for accurate
near-real-time materials accounting. Bowe of
theas wmeanurementa could connist of upgrading
exinting process control meanurements, such an
uring a monitora to meamure plutonium concentra-
tiran in the wante alreams,

A" Column

.......
.2
s
-
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t: top secticvn

s: scrub section

e: exfiraction saction

b: battom section

Cy feed concentrotion
C,. precduct concentration
C. waste conceniration
feed flow

product flow

W. woste flow

S: scrub flow

X: extractiant flow

F.C,

»on

I e

Fig. 3. Extractioa/scrub pulred column.

In-line flow measurements can be oltained
uping calihrated, metering headpots in place of
the unmetered headpots normally used in liguid
tranafer aystems. Various types of on-line [iow
meters have also been developed and ave current-
ly being evaluated by Oak Ridge for uae iun re-
procearing plante.

For single-molute aymtems, i.c., uranium or
plutonium, on-line liquid denmi'y and free-acid
measurements can provide Accurate estimaten of
the heavy-metal concenteationa in concentrated
product streams. For mixed uranium-plutonium
streams, nondestructive measurement techniguers
supported by convantinnal wet ciemistry metheds
can provide rapid, accurate analyaesn of procers
samplen. Applicable NDA  cechniques  include
RAmMA-TAY spectroacopy, x-ray abscrption, and
r-ray fluoreacen.e

A review of varioun on-line and at-linc mea-
surement techniques for pofential application
in reprocessing plants in given in App. L of
Ref. 4, Vol. I11, Wet chemintry wethoar arc
alno reviewed iu App. 1 of that reference,

4. Contactor Inventory Estimstion

Modern asyatean {identification and atate
eatimation techniquen potentially can provide
the best posaible entimatea of contacvror inven-
tory. ldeally, a sequential analysis framework,
such an the Kalmmn filter, would ke ussd to
comhine the following elementa: (1) » dynarnic



contactor model that is valid over a wide range
of operating conditions, including startup,
shutdo m, and upset transients; (2) a sufficient
set of process observahles and corresponding
mesgurements, including high-quality real-time
measurements of contactor inputs aid outputs;
(3) the statistics of both the process and the
measurements; and (4) on-line computer data
acquisition and analysis echniques. 20-

The full development of dynamic state esti-
mation techniques is a future goal for on-line
materials accounting. A wmore restricted ap-
proach is considered here for near-term appli-
cability. We refer to this restricted state
estimation scheme as ‘''reduced-order" dynamic
state estimation because, although the same
thriee elements (modela, measurements, and sta-
tistics) are required for its implementation,
the scope of the required input infirmation is
restricted to a currently practicable level.
The penalty is that the estimation model onlv
applies over 8 limited range of near-steadv-
state run conditions.

An example of this appreoach is given in
Figs. 4 and 5 for the A-type pulsed column of
Fip. 3. Figure 4 ligts the assumptinns and (he
baric equations. The assumption that phase vol-
umes are proportional te phase flow rates is
probably the poorest anu therefore the most
restrictive. This assumption can be relaxed if
hetter phase volume~-{low rate correlaticns are
available .

The lincar inventory estimator is bared on
firat-nrder perturbation: about  an  expected
steady-state value., The Ateadv-state inventory

Pulsod Column Invenfory Linear Eshmo?or
Assumnptlions

{. The column Is opsroting near a ateady-state
operaling point,

2. The calumn Inventery .1ear the ornruurg

poini is linear In the concenirations and
| flow roles.

3. Phose volumes ore pr ortional 1o p-aone flow
rotes near the operating point,

4. Concen‘ration ond flow rate mwcmnn ore
avalloble in near—real time.

S. The column invenfory a! tha nominal operating

point has been previously determined from
ohemical model colculations ond calioration
enperiments,

Statu [qualions

Mass Bolance:
Wie 1)mi(k) ¢ (CF ~ CP = CW)At(kke 1) - M(kha1)
Lons; M{k+1) = @ (k4 1/k) M(k)
Measurement Equations
Tolal Inventory: h(k) m h%k) + h%k)
Orgonic Phase:
h'(k) = hk) « ho(h) + hik) + hAk)
Aqueous Phase:
B'(k) = hYu) ¢ halk) + hYh) + hYK)

Fig, 4,

value is calculated for the expected run condi-
tions using a detailzd chemical model that has
been validated experimentally for the particular
contactor system. Alternatively, experiments
can be performed directly to determine the ex-
pected inventory by bringing the contactor to
steady state and then draining the contents to
holding tanks for measurement.

The linear state equations for the estimator
are also given in Fig. 4. The firat equation
is the materials balance relatiag the c¢olumn
inventory (H) at time k + 1 to the inventory at
time k. The remaining terms in the materials
balance equation are the measured transfers of
material a‘ro.s the column in the feed, product,
and waste atregms and anv unmeasured losscos (M),
The second state equrtion describes any postu-
iated loss mechanism by choosing the specific
form of the function &.

If the transfers and inventories are mea-
sured and the measuremert error statistics arc
known, a Kalman filter alporithm can be used to
provide estimates of H at each time k.  Thiys
approach has been developed and shown to be
effective in tne analvsis of acar-real-time
accounting data.?2

Because we ansume that the transfers of
tuclear material across the column are measurced
and the measurement error statistics (including
random and systematic error rompononts) aro
known, it onlyv remains to find measured values
and crror atatisti-s for the column inventory,
Possible inventory measurement ecauations are
given in Fip 4 and 5. Thev are lincar eqgua
tions for 1 iInventories in the organic  and

r—- e e e e e ———

"A" Column Meosuremeni Equations
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|
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/
0 - B C_.(h) X S(h) + flu)  x(w)
Ndk) h'[c.. (l‘ S'i'p). )
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“The subscrip! o denoles nominal values al the
operaling poin!; V, and V, denole phase disengage-
mant volunes of the top and boltom ends of the
column, respre:tively.

Fig. O.




aqueous phases of the four sections of the col-
umn; top, bottom, scrub, and extraction. The
inventory in each sertion is given by a first-
order Taylor series expansion about the steady-
state inventory. The first-order terms depend
on ratios of the measured concentrations, flows,
and volumes. Because the error statistics of
these measurements a1« known, the statistics of
the inventory measurements can te calculated.

Thus, a Kalman filter algorithm for estimat-
ing the column inventory is completely speci-
ficd, but there are certain complications. Sys-
tematic errors will correlate all measurements
of a particular type .n time, and the column
insenrory and  transfer measurements will be
gtoonply correlated. These correlations must
be included in the filter for good results.
Furthermore, the steady-state inventory values
appear in the inventory measurement equations
as "calibration constants," and uncertaintivs
in these calibration constants must be included
as additional sources of systvmngic rrror. The
decision analysis techniques®* previously
developed f{or analyzing near-recal-time account -
ing data can treat the systematic errors and
measurement correlations described above.

Computer simulations of the contacror inven-
tory estimation technique are currently in prog-
ress, and the technique will be evaluated at
AGNS du ing future cold-test uranium runs.
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